INTRODUCTION
Niobium (columbium) has recently become important in the manufacture of certain high-temperature and non-creep steels. The United States imported 1 more than 1-1/2 million pounds of niobium ore (concentrates) in 1949 (Clark, 1951) ; 1 domestic production was very small. The world production has come from granitic pegmatites and as a byproduct of the recovery of cassiterite from placers derived from granitic rocks.
Early in 1951 the Geological Survey undertook a search for new sources of niobium. Fortunately the general pattern of the geochemical behavior of niobium was fairly well known from an earlier summary of the literature (Fleischer and Harder, 1945) and from the comprehensive researches of . From these it was possible to select for further study several types of material in which niobium might be present in concentrations sufficient to make .them of interest as source materials.
Those selected as the most promising types of mater:al were (1) alkalic rocks, especially nepheline syemtes; (2) bauxites derived from alkalic rocks; (3) titanium minerals and ores; (4) zirconium minerals and ores; (5) tungsten minerals and ores; and (6) tin minerals and ores. The present report is a preliminary account of work on the first three. Niobium has been found m concentraticns sufficiently high to justify research on the metallurgical processes for its separatwn and recovery. The search for new sources of niobium will be continued, and it is hoped that this report will st:mulate others to begin the required metallurgical research.
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CENERAL GEOCHEMICAL CONSIDERATIONS
Niobium is a chemical element with atomic number 41 and atomic weight 92.91. It belongs to the fifth group of the periodic table and is quinquevalent in most of its compounds. Niobium is a rare element; Rankama ( 1948, pp. 48 -52) estimates its abundance in igneous rocks to be 0.0024 percent, which would make it about thirty-first in abundance of the elements.
The empirical ionic radius of niobium is given as 0. 69A. (Ahrens, 1952) , not very different from those of magnesium (0.66A.) and ferrous iron (0. 74A. ). The valence of niobium, however, is so much higher that one would expect that magnesium and iron minerals formed in the early stages of magmatic crystallization would not contain much niobium. This expectation has been verified experimentally. As crystallization of igneous rocks proceeds, niobium is perferentially concentrated in the residual magmas as shown by Goldschmidt (1937) and by . According to Rankama, the igneous rocks of highest niobium content are the granites (0.0021 percent), the syenites (0.0035 percent), and the nepheline syenites (0.031 percent). Of all igneous rocks, therefore, the nepheline syenites and similar alkalic rocks cohtain more than 10 times the concentration of other rocks and appear to be the most promising for further study. Goldschmidt (1937, p. 667) points out that niobium would be expected, considering its ionic potential, to be concentrated during weathering processes; he states that for bauxite the factor of concentration is 4 to 5 as compared with the parent rock. Because the nephelme syenites are rocks high in niobium, bauxites derived from them should be particularly rich in niobium. This has now been tested and verified in the laboratory of the Geological Survey and a summary of the results on Arkansas bauxites has been published in a recent paper (Gordon and Murata, 1952) . The study is being pursued further, particularly to learn the mode of occurrence of the niobium and its distribution in the bauxite district and among the minerals of the bauxite.· One would expect that niobium would occur as a substituent for elements of high valence having ionic radii close to 0. 60A.' These include quinquevalent 2 Ta (0.68A.), quadrivalent Ti (0.68A.), Zr (0.79A.), Sn (0. 71A.), and Mo (0.62A.), and sexivalent W (0.62A.) .. This is confirmed by experimental data except for molybdenum. The very close association of niobium and tantalum is well known. Rankama (1948, pp. 48-52) points out that these elements are separable in nature and that the Nb:Ta ratio, which averages 11.4, is very much higher (384) in nepheline syenites. The association of niobium with titanium has been shown by the work of Hevesy, Alexander, and Wurstlin (1929) , Kunitz (1936) , Borowsky and Blochin (1937), Panteleleev (1938) , and . The niobium content of titanium minerals, with part.icular attention to their geological environment, is also under investigation in the Geological Survey laboratories. A summary of the results up to now, including data from the literature, is given below. Studies of the association of niobium with tungsten, tin, zirconium, and molybdenum will be reported later.
METHOD OF SPECTROGRAPHIC ANALYSIS
The spectrographic analyses were made under the following conditions:
Excitation: 220-volt ballasted d-e arc, run at 15.5 a.
Arc gap maintained at 3.5 mm throughout the burning period. Arc image focussed on the slit at 5. 5 magnification, and light from the central 2 mm part allowed to enter the spectrograph.
Spectrograph: Wadsworth-mounting type of grating spectrograph with dispersion of 5A/mm in the first order.
Wavelength range covered: 2,230 -4, 730A in the first order. Such a wide range is unnecessary for analyses solely for Nb, but was recorded so that the spectrograms would be available for future study of other elements.
Electrodes: High-purity graphite rods, 1/4 in. diameter, with thin-walled cavity as described by Myers (1951) ; used as the anode.
Plate: Eastman III-0, developed at 20°C for 5 min in DK-50 developer.
Plate calibration: Method of Dieke and Crosswhite (1943) . Iron lines present in spectra of a quartz-microcline mixture containing 1 percent Fe203 (matrix of comparison standards) were used.
Microphotometer: Projection comparator-microphotometer employing a scanning slit at the plate.
Nb lines used: 3163.40 anr:l 3194.98A. Limit of detection, 0.01 percent in the samples as analyzed.
Analytical curves were established by means of a set of standards containing known concentrations of Nb205 and Ta205 (high-purity oxides) in a matrix consisting of 60 parts of quartz, 40parts ofmicrocline, and 1 part of Fe203, 25-mg portions being arced to completion. The standards were made by successive dilutions to contain 1.00, 0.464, 0.215, 0.100, 0.0464, 0.0215 ..... 0.00100 percent Nb and Ta. No internal standard was used. The quartz-f~ldspar-iron oxide matrix will hereafter be referred to as the pegmatite base.
All rocks and minerals were first crushed, quartered, and ground in agate mortars to pass 150-mesh silk bolting cloth. Bauxites and clays were then ignited at 900° C and the loss in weight noted so that the final percentage ofNb could be calculated to the original, unignited state.
In order to analyze materials of greatly different chemical composition by means of the pegmatite-base standards, the samples were further treated in such a way as to make their composition more nearly that of the standards. Igneous rocks were mixed with onehalf their weight of pure quartz. All other materials were mixed with an equal weight of a powder composed of 95 percent quartz and 5 percent Na2C03.
The prepared samples were then analyzed by arcing to completion duplicate 25-mg portions. All samples showing 0. 05 percent or more of Nb were next diluted with sufficient pegmatite base so that their reanalysis would be done at a concentration level of about 0.015 percent Nb. This practice resulted in greater accuracy for samples high in Nb because these (in the diluted state) closely approached the comparison standards in composition. As a test of the reproducibility of the method, a number of samples were analyzed in duplicate on several plates on different days. Considering the mean of the duplicate on each plate as a determination, the results were within ± 10 percent of the average of all determinations.
To date, only a few samples have been analyzed chemically, and we are indebted to J. I. Dinnin and M. K. Carron, of the Geological Survey, for the chemical results tabulated below. T~e average content of niobium in various types of igneous rocks was determined by by the analysis of 78 samples with the following results: Our studies have confirmed the relatively high niobium content of nepheline syenites and related rocks and have shown that high niobium content is particula:i-ly characteristic of those alkalic rocks with which are associated the remarkable masses of crystalline CaC03 generally referred to as "carbonatites." As further study of these rocks, particularly of the mode of occurrence of the niobium in them, is under way, we shall reserve detailed discussion and merely present the data available on all rocks that have been reported to contain as much as 0.01 percent Nb. These data are assembled in table 1. Nearly all the 52 rocks listed are nepheline syenites or related rocks, with only a few rocks of granitic composition and a few mafic rocks that are associated with alkalic rocks. No quantitative data are yet available on the distribution of niobium among the minerals of these rocks, although it is known that the niobium is largely concentrated in such titanium minerals as rutile, ilmenite, perovskite, and sphene. Analyses of these minerals separated from the abovementioned or from similar rocks are listed in table 8 and are discussed below under the heading "Niobium content of titanium minerals. " Part of the niobium in some of these rocks is present in zirconium minerals such as zircon, eudialyte, and catapleiite, and part is in some rocks as the niobium minerals pyrochlore (alkalic rocks) and columbite or microlite (granitic rocks).
Niobium in bauxites
We have extended the work of Gordon and Murata (1952) , whose analyses of 14 bauxites and bauxitic clays from Arkansas showed a minimum content of 0.02 percent Nb, a maximum content of 0.1 percent Nb, and an average content of 0.05 percent Nb. Table 2 lists these analyses and those of 32 additional samples which confirm the earlier results. Further work is in progress to determine how the niobium content varies in different parts and types of bauxite deposits in Arkansas and to determine the distribution of niobium among the minerals of the bauxite.
Analyses have also been made by the Geological Survey of many samples of bauxite derived from rocks other than alkalic rocks, including material derived from basaltic rocks, gneisses, and limestones. These samples have rnuch lower contents of niobium; none was found that contained as much as 0.01 percent Nb. 
~e accuracy of these old chemical analyses is questionable~
Type of rock Collector
Nepheline syenite-----M. Gordon, .057
.034
.067
Average, 46 Average, 39
Average, 7
Descriptions of samples:
l.
2.
3.
4.
5.
Dark reddish-brown to black bauxite pebbles filling channels in the lower bauxite bed in the Bauxite, grab sample by shaft, BC-400mine, SEtNWt, sec. 31, T. 2 S., R. 13 W., Saline County. Dulin Bauxite Co. Bauxite(?) from thin bed in Wilcox formation (core sample), middle of sec. 28, T. 2 S., R. 14 W., Saline County. Alcoa Mining Co. Bauxite, auger drill sample, upper 6 feet; Lewis mine, NWtNWt, sec. 9, T. l S., R. 12 W., Pulaski County. American Cyanamid Co. Bauxite, auger drill sample, 6 to 12 feet; Lewis mine,NWtNWt, sec. 9, T. l S., R. 12 W., Pulaski County. American Cyanamid Co.
Bauxite, auger drill sample, 12 to 18 feet; Lewis mine, NWtNWt, sec. 9, T. l S., R. 12 W., Pulaski County. American Cyanamid Co. Bauxite, daily mine production. Harris mine, NEtNWt, sec. 36, T. l S., R. 14 W., Saline County. Reynolds Mining Co. 12-13-51.
Bauxite, daily mine production. Harris mine, NEtNWi-, sec. 36, T. l S., R. 14 W., Saline County. Reynolds Mining Co. 12-14-51. Bauxite, daile mine production. Harris mine, NEtNWt, ~ec. 36, T. l S., R. 14 W., Saline County. Reynolds Mining Co. '12-19-51.
Bauxite, daily mine production. Harris mine, NEtNWt, sec. 36, T. l S., R. 14 W., Saline County. Reynolds Mining Co. 12-30-51. Bauxite, daily mine production. Harris mine, NEtNWt, sec. 36, T. l S., R. 14 W., Saline County. Reynolds Mining Co. 12-31-51. Bauxite, daily mine production (12-31-51), Bray mine, sec. 35, T. 1 S., R. 14 W., Saline County. Reynolds Mining Co. Bauxitic clay, one-day withdrawal (12-19-51). Elrod-Harris low-grade pile, sec. 35, T.
1 S., R. 14 W., Saline County, Reynolds Mining Co. Bauxite. Monthly composite for January, 1952, metal-grade shipments by Alcoa from Arkansas.
has been derived from alkalic rocks and which may therefore be expected to be high ·in niobium content. Among such localities are the following:
Po~os da Caldas, Minas Gerais, Brazil. Ile de Los, French Guinea, French WestAfrica. Gold Coast, western Africa.
Niobium in byproducts of bauxite plants
As stated previously, no data are yet available as to the distribution of niobium among the minerals present in bauxite. However, it is highly improbable from geochemical considerations that it is present in high concentrations as a substituent in the aluminum oxide hydrates or ferric oxide hydrates that constitute the bulk of bauxite ore. Rather, niobium would be expected to be present in solid solution in the tatanium and zirconium minerals. If this is correct, it might reasonably be expected that niobium could be concentrated in some stage of the-chemical processing of bauxite ore.
In brief, the treatment of bauxite 1 as carried out at the Hurricane Creek, Ark. plant of the Reynolds Metal Co., is as follows: The bauxite is digested in hot sodium hydroxide solution. The insoluble material is separated from it as coarse material ("black sand") and fine material ("red mud"). From the solution, A 1203. 3H20 is crystallized, leaving "spent liquor. " The black sand is discharged into a special tailings pond. The red mud is mixed with CaC03 plus Na2C03 and sintered, after which it is leached to recover more alumina. The leached residue ("brown mud") is discharged into a tailings pond.
By analyzing samples obtained through the courtesy of Mr. W. W. Binford, superintendent of the Hurricane Creek plant of the Reynolds Metal Co., we have been able to follow the course of the niobium during the process. The analytical data are given in table 3; they show that niobium is concentrated in the material that is insoluble in NaOH solution.
The brown mud, although its niobium content is slightly higher than that of the black sand, is not a very attractive material on which to attempt further concentration because the material is so fine-grained. Work so far has therefore been confined to the black sand. A study by the U. S. Bureau of Mines (Calhoun, 1950) showed that titanium-rich and ironrich concentrates could be prepared by tabling and by magnetic separation. The data on these concentrates are given in table 4. Through the courtesy of Mr. Binford, samples of these concentrates were obtained by the Geological Survey and analyses for niobium are given in table 4.
The titanium-rich concentrate was further purified in our laboratory by Miss Jewell J. Glass by means of magnetic and heavy-mineral separations. Data on the fractions obtained, given in table 5, show that the niobium content can be raised to over 0. 8 percent. It is hoped that further work will permit the analysis of the individual pure minerals.
As a check, a black sand (No. 12 of table 3) was subjected to heavy-mineral and magnetic separations. The procedure was as follows: Approximately 300 grams·was crushed to pass 80-mesh. The material passing 270-mesh was not investigated further. The portion passing 80-mesh and retained on 270-mesh was separated twice in methylene iodide (spgr 3.2). The heavy fraction was then divided into the following magnetic fractions: Magnetic to the hand magnet, magneticatO.l, 0. 2, 0. 3, andO. 5arnperes andnonrnagnetic at 0. 5 amperes at a slope of 20° towards the nonmagnetic side of a Franz Isodynamic Separator. The results,gi ven in table 6, agree in general with those of tables 4 and 5.
Comparable products from the East St. Louis, Ill. , plant of the Aluminum Company of America have not been studied. However, we have fractionated a. Mter Calhoun (1950) 
Niobium in titanium minerals
Although the geochemical association of niobium with titanium has long been recngnized and many analyses of titanium minerals in the literature show appreciable niobium contents, little attention has been paid to the variation of niobium content with the type of rock in which the titanium minerals occur. Determmations of the niobium content of the common titanium minerals are assembled in table 8, omitting only the rarer s:licates. Data on the latter are given by Fleischer and Harder (1945) and byRankama (1948) Many more analyses are needed on material of known paragenesis, but a few generalizations can be made from the data in table 8. It seems clear that minerals from alkalic rocks and from graniti.c pegmatites are highest in niobium and that those associated with anorthosites and gabbros are lowest. This is shown best by the data for ilmenite. The largest masses of titanium-rich rocks, such as the huge ilmenite-magnetite deposits associated with the anorthosite-gabbro of the Adirondacks and Quebec, are very low in niobium content; the ilmenite from the beach sands of Florida and India, presumably derived from crystalline rocks, have Nb contents ranging from 0. 04 to 0. 40 percent; and ilmenite from alkalic rocks is highest (up to 0.9 percent).
The few data available in table 8 imiicate that when rutile and ilmenite occur together, rutile generally has the higher niobium content. Of the 35 rutile samples listed in table 8, 12 have Nb contents more than 1 percent. Most rutile, however, will probably be found to contain 0.05 to 0.3 percent Nb, with samples of higher Nb content found in granitic pegmatites and alkalic rocks.
The 20 perovskite analyses listed in table 8 include 13 or 14 from alkalic rocks. Those highest in niobium occur in carbonatites associated with alkalic rocks.
POSSIBILITY OF RECOVERY OF NIOBIUM FROM ARKANSAS BAUXITE AND FROM TITANIUM MINERALS
The data reported as the result of this work suggest the possibility that niobium may be obtained from three sources not now utilized:
1. As a byproduct from Arkansas bauxite. 2. From titanium minerals used in the manufacture of titanium metal. 3. From titanium minerals from alkalic rocks such as the carbonatites. Original titanium-rich concentrate--100
Fractions: --- 
Material
Original black sand-
Production of bauxite from Arkansas in 1949 was 1,094,924 long tons of dried bauxite equivalent (Mote and Kurtz, 1951) . Assuming that the average The data in table 3 show that niobium is concentrated in the red and brown muds and in the black sands. The data of table 4 to 7 show the niobium to be concentrated in the titanium-rich fraction of the black sands; it is probable that this is also true of the red and brown muds. These might, however, contain more rutile and sphene and less ilmenite than the black sands, but quantitative data are lacking. The problem of obtaining niobium from Arkansas bauxite thus appears to be one of treating a concentrate containing approximately 40 to 50 percent Ti02 and 0. 5 to 0. 9 percent Nb.
Most of the ilmenite processed in the United States is used in the manufacture of Ti02 pigment. This involves solution of the ore in acid, followed by hydrolysis t9 precipitate titanium dioxide. It is probable that niobium accompanies the titanium in this precipitation and that its recovery would be very difficult. On the other hand, the production of titanium metal is increasing very rapidly. This process involves the chlorination of titanium-rich ore to form TiC14. on a laboratory scale by Atkinson, Steigman, and Hiskey (1952) . Further research on the process is obviously needed, as well as a study of the economic factors.
Research is also needed on the possibility of using rutile, brookite, or perovskite, such as that obtained from alkalic rocks. As readily seen from the data in table 8, these minerals contain much higher Nb contents than the ilmenite concentrates from Arkansas bauxite, but they lack the advantage of known availability in large tonnages. The possibility of recovering niobium from perovskite-pyrochlore in Q.lkalic rocks has been discussed for the deposits of the Kola Feninsula, U. S. S. R. (Eliseev and Nefedov (1940 ), Gerasimovsky (1939 ; for the deposits of the Kaiserstuhl, Baden, Germany (Leibrandt, 1948) ; and for the deposits of Tororol, Uganda (Hudson and Dunkin, 1951) .
The Geological Survey is continuing its investigations of rutile, brookite, anq perovskite at Magnet Cove, Ark. , and of similar deposits elsewhere. It is to be hoped that metallurgical researches on the recovery of niobium from these titanium minerals will be carried out by other laboratories. 
